The functional organization of human auditory cortex remains incompletely characterized. While the posteromedial two thirds of Heschl's gyrus (HG) is generally considered to be part of core auditory cortex, additional subdivisions of HG remain speculative. To further delineate the hierarchical organization of human auditory cortex, we investigated regional heterogeneity in the modulation of auditory cortical responses under varying depths of anesthesia induced by propofol. Non-invasive studies have shown that propofol differentially affects auditory cortical activity, with a greater impact on non-core areas. Subjects were neurosurgical patients undergoing removal of intracranial electrodes placed to identify epileptic foci. Stimuli were 50 Hz click trains, presented continuously during an awake baseline period, and subsequently, while propofol infusion was incrementally titrated to induce general anesthesia. Electrocorticographic recordings were made with depth electrodes implanted in HG and subdural grid electrodes implanted over superior temporal gyrus (STG). Depth of anesthesia was monitored using spectral entropy. Averaged evoked potentials (AEPs), frequency-following responses (FFRs) and high gamma (70-150 Hz) event-related band power were used to characterize auditory cortical activity. Based on the changes in AEPs and FFRs during the induction of anesthesia, posteromedial HG could be divided into two subdivisions. In the most posteromedial aspect of the gyrus, the earliest AEP deflections were preserved and FFRs increased during induction. In contrast, the remainder of the posteromedial HG exhibited attenuation of both the AEP and the FFR. The anterolateral HG exhibited weaker activation characterized by broad, low-voltage AEPs and the absence of FFRs. Lateral STG exhibited limited activation by click trains, and FFRs there diminished during induction. Sustained high gamma activity was attenuated in the most posteromedial portion of HG, and was absent in all other regions. These differential patterns of auditory cortical activity during the induction of anesthesia may serve as useful physiological markers for field delineation. In this study, the posteromedial HG could be parcellated into at least two subdivisions. Preservation of the earliest AEP deflections and FFRs in the posteromedial HG likely reflects the persistence of feedforward synaptic activity generated by inputs from subcortical auditory pathways, including the medial geniculate nucleus.
Introduction
Delineation of auditory cortex on Heschl's gyrus (HG) remains controversial despite decades of research (Hackett, 2007 (Hackett, , 2015 . Studies in non-human primates suggest a framework in which the auditory cortex is hierarchically organized into several core, belt and parabelt regions (Rauschecker et al., 1995; Hackett et al., 1998; Brugge and Howard, 2002; Kaas and Hackett, 2005) . According to this model, primary auditory cortex (area A1) and adjacent cortex (areas R and RT) form the core region, concentrically surrounded by belt, and then parabelt regions. Most anatomical and functional neuroimaging studies in humans conclude that the posteromedial portion (approximately two thirds) of HG is comprised of core auditory cortex (e.g., Rivier and Clarke, 1997; Talavage et al., 2000; Hackett et al., 2001; Wallace et al., 2002; Sweet et al., 2005; Woods et al., 2009 ). However, even at the fundamental level of cytoarchitectonics, there have been a variety of interpretations of the data (reviewed in Hackett, 2007 Hackett, , 2015 . For instance, the most posteromedial aspect of HG has been variously labeled as core (Rivier and Clarke et al., 1997; Morosan et al., 2001; Wallace et al., 2002; Sweet at el., 2005) or belt areas (Galaburda and Sanides, 1980; Fullerton and Pandya, 2007) . Furthermore, the anterolateral third of HG has also been interpreted as either core (Formisano et al., 2003; Woods et al., 2010) or belt (Kaas and Hackett, 2000; Woods et al., 2009) . The considerable structural complexity of the human HG at both macroscopic and microscopic levels and its inter-subject variability have hindered efforts to consolidate the results of the many mapping studies into a unified model (e.g. Zilles et al., 1997; Hackett et al., 2001; Morosan et al., 2001; Destrieux et al., 2010) .
The inability to parcellate auditory cortex on HG using neuroanatomical criteria alone led to the use of physiology to define this region. Tonotopy, a fundamental attribute of core auditory cortex in experimental animals, has been used to characterize HG (e.g., Talavage et al., 2000 Talavage et al., , 2004 Formisano et al., 2003; Humphries et al., 2010; Woods et al., 2010; Da Costa et al., 2011; Striem-Amit et al., 2011; Langers and van Dijk, 2012) . This approach yielded multiple configurations of tonotopic gradients with respect to the long axis of HG (reviewed in Baumann et al., 2013 , Moerel et al., 2014 Saenz and Langers, 2015) . Intracranial electrophysiology studies, with their excellent spatial and temporal resolution, have been especially useful in demarcating fields based on functional grounds (Liégeois-Chauvel et al., 1991; Howard et al., 1996; Brugge et al., 2008; Nourski et al., 2014) . Responses with the shortest latency, presumably arising in core areas, consistently localize to the posteromedial tip of HG (Liégeois-Chauvel et al., 1991; Yvert et al., 2005; Nourski et al., 2014) . The ability to phase lock to repetitive transients is also used as a physiological marker for field demarcation, and the posteromedial portion of HG is characterized by the highest phase-locking capacity (Liégeois-Chauvel et al., 2004; Brugge et al., 2008 Brugge et al., , 2009 ). Integration of physiological findings with anatomy thus suggests that the most posteromedial aspect of HG is core auditory cortex. On the other hand, the caudomedial belt area CM in the macaque has been shown to exhibit core-like physiological properties, including short onset response latencies and high temporal precision (Camalier et al., 2012) .
Propofol, an agent used for induction and maintenance of general anesthesia, affects cortical activity evoked by auditory stimuli (Plourde, 1996; Schwender et al., 1997; Dutton et al., 1999; Simpson et al., 2002; Heinke et al., 2004; Dueck et al., 2005; Scheller et al., 2005; Plourde et al., 2006; Davis et al., 2007) , likely by modulating GABA A receptors (Bai et al., 1999; Rudolph and Antkowiak, 2004; Franks, 2008) and reducing glutamate release (Ratnakumari and Hemmings, 1997; Yang et al., 2015) . Evidence suggests that during induction of anesthesia, external sensory stimuli activate the cortex but fail to be experienced (Amzica et al., 2002; Velly et al., 2007; Murphy et al., 2011; Schrouff et al., 2011; Boly et al., 2012; Schroter et al., 2012; Jordan et al., 2013) .
Cortical effects of general anesthetics are region-specific and may help delineate fields on HG (e.g. Liu et al., 2011) . At the thalamic level, propofol preferentially suppresses the output of non-specific (e.g. intralaminar) nuclei with relative sparing of specific thalamic nuclei (Liu et al., 2013) . This distribution is consistent with minimal modulation of the ventral division (MGv) of the medial geniculate nucleus (MGN). MGv is a specific lemniscal thalamic nucleus, which projects more strongly to core than non-core auditory areas Molinari et al., 1995) . These considerations suggest that studying the effects of propofol on activity within HG may provide new insights into its functional organization.
The effects of propofol anesthesia may also be relevant for studying and testing hypotheses regarding electrophysiological correlates of sensory awareness (Pockett, 1999) . At doses of anesthesia causing loss of consciousness, stimulus-related activity in primary sensory cortex in animal models is relatively preserved, while activity in higher order areas is largely suppressed (Howard et al., 2000; Liu et al., 2011; Raz et al., 2014) . This is consistent with models in which activity in core areas corresponds to pre-attentive processing (Logothetis et al., 1996; Tononi, 2004; Watanabe et al., 2011) . There remains, however, considerable debate about the relationship between neural activity in primary sensory cortex and sensory perception, and these hypotheses are largely untested in the human cortex (Tong, 2003) .
Studying the differential effects of anesthesia in various regions of the auditory cortex has clinical implications. Scalp-recorded middle latency auditory evoked potentials have been proposed as a useful tool for monitoring the depth of anesthesia in clinical practice (e.g. De Cosmo et al., 2004) . A more detailed understanding of the action of general anesthetics on auditory cortical activity will enhance interpretation of the changes in these responses at various depths of anesthesia. Additionally, auditory functional magnetic resonance imaging (fMRI) studies for both clinical and research purposes in infants and children often require sedation with general anesthetics. An understanding of the pharmacological properties of specific sedative agents will facilitate accurate interpretation of the information acquired by these studies (Gemma et al., 2009 ).
In the current study, we used electrocorticography (ECoG), which records local field potentials from neural populations in the vicinity of the electrodes (Mukamel and Fried, 2012; to study modulation of auditory cortical activity by propofol. We have initiated our study using 50 Hz click trains, a type of auditory stimulus that produces several well-characterized response patterns that are region-specific in auditory cortex (Brugge et al., 2008 (Brugge et al., , 2009 Nourski et al., 2013) . The first response type is the averaged evoked potential (AEP), which is phase-locked to stimulus onsets and offsets. The second response type is sustained phase locking to the repetition rate of the click train (Brugge et al., 2009; Nourski et al., 2013) . This pattern is referred to as a frequency-following response (FFR). The third response type is represented by non-phase-locked higher-frequency activity within the gamma (30-70 Hz) and high gamma (70-150 Hz) frequency range. Multiple studies have demonstrated the importance of high gamma activity for auditory cortical processing (e.g. Crone et al., 2001 Crone et al., , 2006 Brugge et al., 2009; Edwards et al., 2009; Mesgarani and Chang, 2012) . Studies in non-human primates have established the high gamma band as a surrogate for unit activity (Ray et al., 2008; Steinschneider et al., 2008) , while functional neuroimaging studies have demonstrated a positive correlation between high gamma activity and hemodynamic responses (Nir et al., 2007) . Thus, high gamma activity can serve as a bridge between different research techniques, facilitating comparisons across studies.
Here, we test the hypothesis that sensitivity to the anesthetic agent, propofol, can refine the parcellation of auditory fields as determined by anatomical criteria and the response to acoustic stimuli. We found that posteromedial HG can be further delineated into at least two subdivisions based on its sensitivity to propofol. Furthermore, we suggest that the continued presence of the earliest AEP deflections and FFRs under anesthesia reflects the persistence of feedforward synaptic activity arising in the MGv.
Methods

Subjects
Study subjects were ten neurosurgical patients (5 female, ages 27-51 years old, median age 35 years old) with medically refractory epilepsy who had been implanted with intracranial ECoG electrodes. The electrodes were used during a period of inpatient monitoring to identify resectable seizure foci. The anesthesia experiments described in this report were conducted when the patients returned to the operating room to undergo electrode removal and seizure focus resection surgery. The demographic and seizure focus data for each subject are presented in Table 1 . Intracranial recordings established that auditory cortical areas within HG were not epileptic foci in any subject.
All subjects were native English speakers except subject R331, a native Sudanese Ma'di speaker who learned English in childhood. All subjects except two (L258 and L282) had pure-tone thresholds within 25 dB hearing level (HL) between 250 Hz and 4 kHz. Subject L258 had a mild low-frequency hearing loss (at 250 Hz, thresholds were 25 and 30 dB HL for right and left ear, respectively). Subject L282 had a moderate (55 dB) 4 kHz notch in both ears. Word recognition scores, as evaluated by spondees presented via monitored live voice, were 96/ 100% (right/left ear) in subject R316, 96/92% in subject R330, 92/96% in subject R331, and 100% in all other tested subjects. Speech reception thresholds were within 15 dB HL in all tested subjects, including the two with tone audiometry thresholds outside the 25 dB HL criterion.
Research protocols were approved by the University of Iowa Institutional Review Board and the National Institutes of Health, and written informed consent was obtained from all subjects. Research participation did not interfere with acquisition of clinically necessary data, and subjects could rescind consent for research without interrupting their clinical management.
Stimulus and procedure
Stimulus generation and ECoG data acquisition were controlled by a TDT RZ2 real-time processor (Tucker-Davis Technologies, Alachua, FL). The stimulus was a 500 ms train of acoustic clicks, generated digitally as 0.2 ms wide rectangular pulses and presented at a rate of 50 Hz. The interstimulus interval varied within a Gaussian distribution (onset-to-onset mean 1500 ms, S.D.=10 ms) to reduce heterodyning in the recordings secondary to power line noise. The click trains were delivered to both ears via insert earphones (ER4B, Etymotic Research, Elk Grove Village, IL) that were integrated into custom-fit earmolds. Acoustic stimulation was performed at a comfortable level, typically 60-65 dB SPL. The stimulus was presented in a passive-listening paradigm, without any task direction.
Click trains were continuously presented in the operating room, beginning 10 min prior to administration of propofol. Intracranially recorded auditory cortical responses, including the AEP and high gamma activity, undergo adaptation to repeated stimuli (Eliades et al., 2014) . This 10-min baseline period was shown to be of sufficient duration to induce long-term adaptation, allowing this process to be dissociated from any additional effects produced by the propofol infusion. Following this 10-min baseline period, an infusion of propofol was initiated at 50 µg/kg/min, and the infusion rate was increased every 10 min by 25 µg/kg/min. Propofol was delivered via an Alaris pump (Carefusion systems, Becton, Dickenson and Company, Franklin Lakes, NJ) . No other sedative or anesthetic agents were administered. In all subjects except three, the propofol infusion lasted 50 min (56 min in subject L292, 62 min in subjects L314 and R316). The eventual induction of general anesthesia using these slowly escalated doses occurred at a more gradual rate compared to standard clinical practice and increased the average time spent in the operating room preceding the actual surgical procedure. There were no differences in perioperative management or the post-operative recovery of the research subjects compared to non-research epilepsy patients who underwent a more rapid anesthetic induction prior to electrode removal.
The infusions of propofol were administered by an anesthesiology resident or a certified registered nurse anesthetist and supervised by a faculty anesthesiologist. Standard respiratory, cardiac and hemodynamic monitors were always used. Supplemental oxygen was administered. Anesthesiologists could terminate the propofol infusion protocol at any time for the safety of the patients. The depth of sedation/ anesthesia was continuously assessed using electroencephalographic spectral entropy monitoring Bein, 2006 ) (E-ENTROPY module; Datex-Ohmeda Inc., Madison, WI). Surface electrodes for assessing anesthetic depth were applied to the forehead. Spectral entropy values have been shown to correlate with behavioral K.V. Nourski et al. NeuroImage 152 (2017) 78-93 measures of propofol-induced sedation/anesthesia (Schmidt et al., 2004; Iannuzzi et al., 2005; Mahon et al., 2008) and to correlate with other electrophysiologic indices of depth of anesthesia with various anesthetics (Ellerkmann et al., 2004; Vakkuri et al., 2004; Vanluchene et al., 2004) .
Recording
ECoG recordings were made from depth electrodes implanted in HG and subdural electrodes overlying STG. Electrode implantation, recording and ECoG data analysis have been previously described in detail (Howard et al., 1996 (Howard et al., , 2000 Reddy et al., 2010; Nourski et al., 2013; . All electrodes were placed solely on the basis of clinical requirements to identify seizure foci (Reddy et al., 2010) . The clinical purpose of electrodes placed in HG was to bracket the generator of the epileptic activity between superior and inferior aspects of the temporal lobe. Subdural electrode arrays overlying the STG and medial temporal lobe (e.g. parahippocampal gyrus) further bracketed the suspected generator of epileptic activity along the medial-lateral dimension. Reviews of the outcomes of all patients implanted with depth electrodes in the HG within the last four years supports the strong clinical utility of these electrodes regarding the extent of surgical resections of diagnosed seizure foci (data available upon request).
Electrode arrays were manufactured by Ad-Tech Medical (Racine, WI). Depth electrode arrays (4-8 macro contacts, spaced 5-10 mm apart) targeting HG were stereotactically implanted in each subject along the anterolateral-to-posteromedial axis of the gyrus. Grid arrays consisted of platinum-iridium disc electrodes (2.3 mm exposed diameter, 5-10 mm inter-electrode distance) embedded in a silicon membrane. In all subjects, a subgaleal electrode was used as a reference. Collected ECoG data were amplified, filtered (0.7-800 Hz bandpass, 12 dB/octave rolloff), digitized at a sampling rate of 2034.5 Hz, and stored for subsequent offline analysis.
Data analysis
Response entropy (RE) is an index of the depth of anesthesia. It is an indicator of spectral entropy that includes both electroencephalogram and electromyogram components and is measured from electrodes placed on the forehead Bein, 2006) . RE was computed by the E-ENTROPY module, details of analysis are provided in Viertiö-Oja et al. (2004) . In brief, power spectrum of forehead-measured signals was calculated over a frequency range from 0.8 Hz to 47 Hz, with analysis time windows varying from 15.36 s to 1.92 s, respectively. The sum of these values was normalized so that the sum of the normalized power spectrum over the selected frequency region was equal to one. The Shannon function was applied to the each frequency component of the normalized power spectrum:
where S is the Shannon function, P is normalized spectral power, and N is the number of frequency components. The sum of these values, corresponding to entropy values, was transformed to a scale of integer values between 0 and 100 using a spline function . RE values computed by the E-ENTROPY module were logged on a minute-by-minute basis over the time course of anesthetic induction with propofol. The time course of anesthetic induction with propofol was characterized by fitting a four-parameter sigmoidal function to median RE values computed across the 10 subjects for the first 50 min of induction. Estimated brain concentrations of propofol as achieved by incrementally escalating infusion protocol were calculated for each subject (based on age, weight, gender, infusion rates and times) using software provided by Dr. Steven Shafer (Stanford University). This software is based on previously published pharmacokinetic and pharmacodynamic data (Schnider et al., 1998 (Schnider et al., , 1999 .
Reconstruction of the anatomical locations of the implanted electrodes and their mapping onto a standardized set of coordinates across subjects was performed using FreeSurfer image analysis suite and in-house software (see Nourski et al., 2014, for details) . In brief, subjects underwent whole-brain high-resolution T1-weighted structural magnetic resonance imaging (MRI) scans (resolution 0.78×0.78 mm, slice thickness 1.0 mm) before electrode implantation. Two volumes were averaged to improve the signal-to-noise ratio of the MRI data sets and minimize the effects of movement artifact on image quality. After electrode implantation, subjects underwent MRI and thin-slice volumetric computerized tomography (CT) (resolution 0.51×0.51 mm, slice thickness 1.0 mm) scans. Contact locations of the HG depth electrodes and subdural grid electrodes were first extracted from post-implantation MRI and CT scans, respectively. These were then projected onto preoperative MRI scans using non-linear three-dimensional thin-plate spline morphing, aided by intraoperative photographs. For group analyses, these were projected into standard Montreal Neurological Institute (MNI) space (MNI305) using surface-based warping, with left hemisphere MNI x-axis coordinates (x MNI ) multiplied by (−1) to map them onto the right-hemisphere common space.
To allow for a straightforward interpretation of depth electrode locations in terms of their orientation along HG, the MNI coordinates were rotated along anatomical HG axis in the x MNI y MNI plane, as previously described (Nourski et al., 2014) . The coordinates in this plane were first centered by subtracting the grand mean location from each individual coordinate. Next, the best fit linear regression line was computed relating x MNI to y MNI . The corresponding angle of rotation, θ, was computed from the slope of that line. Finally, each set of coordinates was rotated by θ. This process resulted in the new x θ coordinate which corresponded to the position along the long axis of HG with coordinate values increasing from posteromedial to anterolateral. HG sites were then divided into three equal-width groups according to their location along the gyrus.
Recording sites were included in analyses based on their anatomical location (i.e., implanted in the gray matter of the HG or overlying the lateral surface of the STG) as determined by the localization of each electrode in the pre-implantation MRI for each subject individually, and not based on common MNI coordinates. Based on these criteria, a total of 84 HG recording sites (including 9 contacts in planum temporale) and 125 sites on lateral STG from the 10 subjects were examined. In three subjects (R330, R331 and R335), several depth electrode contacts were localized to planum temporale (2, 4 and 3 contacts, respectively). In subject R320, the depth electrode trajectory was localized to the gray matter of the anterior transverse sulcus. These contacts were included in analysis with sites in the crest of HG, as core auditory cortex extends onto the gray matter within the sulci surrounding HG (e.g. Rademacher et al., 2001; Da Costa et al., 2011) .
Auditory cortical activity was measured and characterized as AEPs, FFRs, and high gamma event-related band power (ERBP). AEP waveforms were computed for each recording site on a minute-by-minute basis by time-domain averaging of up to 40 single-trial ECoG waveforms. Trials with any voltage deflections greater than five standard deviations from the mean calculated over the entire duration of the recording were excluded from subsequent AEP, FFR, and high gamma analyses. AEPs were characterized in terms of the latency of their early (within 40 ms after stimulus onset) peaks and the corresponding peakto-peak amplitude.
Time-frequency analysis was carried out using a demodulation band transfer method (Kovach and Gander, 2016) , a variant of the complex demodulation technique (Bingham et al., 1967) , which in turn is closely related to the standard short-time Fourier transform (STFT). A more detailed description of this technique can be found in Kovach and Gander (2016) . In brief, demodulation band transfer includes the following steps: (1) obtaining the discrete Fourier transform (DFT) of the entire signal; (2) segmenting the DFT into short overlapping intervals; (3) windowing each segment with a cosine window; (4) applying the inverse DFT to each segment. This procedure combines an analytic bandpass filter with downsampling and complex demodulation; in this respect, it is identical to the standard STFT, but because signal segmentation is carried out in the frequency domain rather than time, it avoids spectral leakage related to time-segmentation inherent to standard STFT. Additionally, this approach allows for a variable bandwidth, combining the advantages of bandpass quadrature filtering (i.e. Hilbert transform) with the computational efficiency of ordinary STFT. The resulting time-frequency distribution is used in the same way as with these alternative methods: the squared modulus of the signal at each moment reflects the power in the respective band around the given time.
In the present study, the demodulated band transfer technique was used to compute power within overlapping frequency windows of variable (1-20 Hz) bandwidth for theta (center frequencies 4-8 Hz, 1 Hz step), alpha (8-14 Hz, 2 Hz step), beta (14-30 Hz, 4 Hz step), gamma (30-70 Hz, 10 Hz step) and high gamma (70-150 Hz, 20 Hz step) ECoG bands. For each center frequency, the squared-modulus of the resulting complex signal was log-transformed, segmented into single trial epochs and, for each trial, normalized by subtracting the mean log power within a reference interval (100-200 ms before stimulus onset in each trial), and averaged over trials to obtain ERBP for each center frequency. FFR was estimated by calculating ERBP for a 50 Hz center frequency (equal to click rate) using a 5 Hz bandwidth parameter (Behroozmand et al., 2016) . High gamma ERBP was calculated by averaging power envelopes for center frequencies between 70 and 150 Hz using a 20 Hz bandwidth parameter (i.e., in 20 Hz center frequency steps).
Changes in FFR and high gamma ERBP during anesthetic induction with propofol were evaluated for each recording site using the following approach. For both FFR and high gamma analysis, ERBP values were averaged within the interval of 0-500 ms after stimulus onset for each trial. ERBP during a pre-stimulus reference interval was computed for values within 100-200 ms before stimulus onset. Single-trial ERBP values computed over the 10th minute of the experiment (i.e., the minute immediately preceding induction onset) were compared to prestimulus reference values using paired one-tailed t-tests. Correction of p-values for multiple comparisons was done by controlling the false discovery rate (FDR) (Benjamini and Hochberg, 1995) using the linear step-up procedure, as implemented in MATLAB Version 7.14 Bioinformatics Toolbox. Sites that exhibited a significant (p < 0.05) response were then evaluated for response changes during the infusion of propofol. Linear regression between estimated brain concentration of propofol (µg/ml) and response magnitude (dB ERBP) was used to establish the direction of changes. For a given site, significant (p < 0.05) positive Spearman's rank correlation coefficient (ρ) values were interpreted as indicative of an increase in the magnitude of response with the concentration of propofol. Sites characterized by negative or nonsignificant positive ρ-values were evaluated for the rate of response decay during induction by fitting a decaying exponential to the propofol concentration vs. response magnitude data. Decay constant (κ) values associated with the fits were used to characterize the sensitivity of individual sites to propofol induction.
Results
Time course of propofol induction
In all cases, the protocol for the infusion of propofol was completed without the need for early termination or any apparent complications. Changes in the level of consciousness of each subject as measured by response entropy (RE) were monitored during the administration of propofol. Fig. 1A shows the time course of the infusion and concurrent changes in RE. RE values between 40 and 60 (i.e., recommended range for adequate anesthesia; Bein, 2006) were typically observed at approximately 20 min after induction onset, corresponding to a propofol infusion rate of 100 µg/kg/min. While in most subjects RE was stable during the 10-min interval that preceded induction, it decreased in three subjects (R263, R320 and R331) likely reflecting the patient becoming drowsy that was unrelated to drug infusion. On average, the time course of RE changes during induction was characterized by a sigmoidal function, though RE values at any given point in time varied considerably across subjects (Fig. 1B) . This variability in part reflects transient arousal likely related to sensory stimulation during preoperative procedures. Due to this variability in RE over time, propofol brain concentrations were estimated on a minute-by-minute basis based on models of propofol pharmacokinetics and pharmacodynamics (Schnider et al., 1998 (Schnider et al., , 1999 (Fig. 1C) . Estimated brain concentrations of propofol were used as the independent variable in subsequent analyses in this study.
Auditory cortical responses to click train stimuli before induction
Click trains with a repetition rate of 50 Hz elicited stereotypical response profiles in the AEP, FFR, and high gamma ERBP in HG and on lateral STG (Fig. 2) . Electrode coverage of auditory cortex in a representative subject is depicted in Fig. 2A . The most posteromedial portion of HG (site 'a') was characterized by short-latency largeamplitude AEPs, with responses elicited by both the onset and the offset of the 500 ms stimulus (Fig. 2B) . A 50 Hz periodicity representing the FFR was superimposed upon the AEP waveform. This sustained FFR was evident in the time-frequency plane as an increase in ERBP at the driving frequency (50 Hz). Finally, there was an increase in high gamma power elicited by the stimulus. Together, these patterns represent a neural signature of posteromedial HG (Nourski and Brugge, 2011) .
A marked change occurred along HG when recording from anterolateral HG (site 'b'). Here, responses were characterized by long latency, broad AEP deflections of lower amplitude, absence of the FFR, and minimal changes in high gamma power induced by the stimulus.
In contrast to the orderly change in the physiological responses elicited by the click train stimuli in HG, responses along the lateral STG were characterized by considerable site-to-site variability. Some sites (e.g. 'c') exhibited AEPs intermediate in onset latency between posteromedial and anterolateral HG, and featured FFRs and high gamma responses. Other sites on STG, such as 'd', were weakly activated by this stimulus, and, in this example, featured a low-amplitude off response.
These activity profiles are consistent with previous reports of responses recorded from HG and STG to simple non-speech stimuli such as click trains and pure tones (Brugge et al., 2009; Nourski et al., 2013; Nourski et al., 2014) . This validates their use as benchmark measures in the study of auditory cortical modulation by propofol anesthesia.
Effects of propofol: HG
Propofol infusion modulated AEP, FFR, and high gamma responses in posteromedial HG in two different ways (Fig. 3) . A schematic of the experimental paradigm used to assess these changes is shown in Fig. 3A . AEPs, FFR, and high gamma ERBP were computed on a minute-by-minute basis. Locations of two exemplary sites in posteromedial HG are depicted in Fig. 3B . The time course of changes in AEP, FFR, and high gamma activity is presented in Fig. 3C . Here, each color plot represents a series of one-minute response averages stacked from top to bottom according to time relative to induction onset.
In the most posteromedial portion of the gyrus, exemplified by site 'a', short-latency AEPs persisted throughout induction, albeit with increases in peak latencies. Notably, the FFR at 50 Hz increased in power as propofol brain concentration increased. This increase oc- K.V. Nourski et al. NeuroImage 152 (2017) 78-93 curred regardless of whether the FFR was measured as ERBP (i.e. baseline-normalized) or as absolute ECoG power at 50 Hz (data not shown). High gamma activity elicited by the onset of the stimulus also persisted throughout induction, although the response to stimulus offset was attenuated. Different patterns were observed at recording sites located at slightly more intermediate positions in the gyrus (site 'b'). Here, both the AEP and the FFR were attenuated in parallel with increases in propofol concentration. As for many sites in intermediate portions of HG, there was minimal high gamma ERBP even prior to induction onset. Due to a considerable variability in AEP morphology across auditory cortical regions (see Fig. 2 ), quantitative analyses were unsuitable for assessing AEPs. Instead, we focused on the early peaks of the AEP waveform that were reliably observed in the posteromedial HG. Persistence of early AEP deflections during induction was a consistent finding across subjects in the most posteromedial HG locations, as exemplified by site 'a' in Fig. 4A . Color maps represent the polarity and amplitude of the first 200 ms of the AEP waveforms. Waveforms immediately preceding induction are plotted above the color maps. Initial activity peaked at around 18 and 32 ms. The designation P/N refers to the fact that polarity depends upon the laminar location of the recording electrode with respect to the cellular generators, and thus the peaks were labeled without any assumption regarding their manifestations at the scalp. The earliest activity (P/N 18 ) persisted throughout induction with a minimal increase in peak latency (Fig. 4B, red symbols) . The following deflection at 32 ms also persisted throughout induction, although its latency increase was proportionately greater than that of the earlier peaks (Fig. 4B, blue symbols) . There was a trend for an increase in peak-to-peak amplitude at early points in the induction, followed by either a plateau or a decrease (Fig. 4B, black symbols) . The later positive (i.e. downward) deflection in the AEP that initially peaked at around 60 ms increased in latency and decayed in amplitude at high propofol concentrations (see Fig. 4A , site 'a'). The width of the P/N 32 component increased in parallel with attenuation of the following positivity. This finding indicates that it is inaccurate to ascribe each peak to a discrete generator. Instead, these waveforms represent a complex sum of multiple synaptic events. In this case, later synaptic activity is more sensitive to propofol anesthesia, allowing for the less susceptible earlier components to broaden.
Pronounced changes in the AEP occurred at slightly more intermediate locations along HG (Fig. 4A, site 'b' ). In this example, recording site 'b' was only 10 mm away from site 'a', and reconstructions of electrode locations indicated that both were located in infragranular layers of auditory cortex gray matter (data available upon request). The overall morphology of the AEP on site 'b' was different from that on site 'a'; amplitudes were smaller and the early components were more variable and more susceptible to attenuation over the course of propofol infusion. In both examples ('a' and 'b'), portions of the AEP waveform that represented later synaptic activity dissipated prior to shorter-latency AEP components.
Changes in FFR with increasing concentrations of propofol were location-dependent along HG (Fig. 5) . In the majority of subjects, the most posteromedial sites were characterized by an increase in FFR. In contrast, intermediate locations showed a decrease in FFR, while in anterolateral portions the FFR was absent. These three patterns are illustrated in Fig. 5A . In this subject (L258), the two most posteromedial sites ('a' and 'b') showed significant increases in FFR power during induction. The more intermediate site ('c') showed a progressive decrease in the FFR that could be described by an exponential decay function. The exponential decay constant, κ, refers to the propofol concentration at which response magnitude dropped to approximately 37% of its initial value. The most anterolateral site ('d') did not exhibit K.V. Nourski et al. NeuroImage 152 (2017) [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] an FFR. These three FFR patterns were consistent across subjects, and demonstrated anatomical clustering along the gyrus (Fig. 5B) . This clustering was demonstrated by plotting HG electrode sites from all subjects in standard MNI coordinate space, and color-coding them according to the observed pattern of changes in FFR (Fig. 5B,  bottom panel) . Increases in FFR were restricted to the most posteromedial tip of HG. Responses within the middle portion of the gyrus decayed during propofol induction. The anterolateral portion of HG did not phase-lock to the click train repetition rate regardless of the subjects' state of arousal. Sites characterized by the longest decay constants (κ≥4 µg/ml) were intermixed with those exhibiting FFR increases. There was a negative correlation between location along the gyrus and the decay constant in HG (ρ=−0.690, p < 0.001).
Changes in high gamma ERBP were less sensitive markers for delineating subregions along HG. As a rule, sustained high gamma activity elicited by the 50 Hz click train stimulus was restricted to the posteromedial third of the gyrus and decayed during induction (Fig. 6) . The presence of high gamma activity at individual sites correlated with sites that showed increases in FFR strength during propofol induction (Fisher's exact test p < 0.001). To investigate whether restriction of high gamma activity to the posteromedial third of HG was based on examining sustained activity throughout the entire 500 ms peristimulus interval, we measured high gamma within the first 200 and 250 ms following the stimulus onset. No significant differences were identified in the number or distribution of sites that exhibited significant high gamma responses.
Effects of propofol: STG
Whereas a simple non-speech sound such as 50 Hz click train is an adequate stimulus to generate various response types in HG, it is suboptimal for assessment of regional differentiation in putative parabelt regions of the auditory cortex located on the lateral STG (Chevillet et al., 2011; Nourski et al., 2014) . While AEPs were present on the lateral STG (see Fig. 2B ), only 13 sites out of 125 exhibited significant FFR, and only two sites showed sustained high gamma responses. These responses were scattered across the extent of STG without any clear clustering to specific loci. For these reasons, quantitative analyses of FFR and high gamma in this study were limited to activity in HG, leaving open future assessments of STG with more complex stimulus paradigms. ('a' and 'b') . HG is denoted by a dashed line. C: Time course of changes in AEP voltage, FFR (measured as ERBP at 50 Hz) and high gamma ERBP (left, middle and right color plots, respectively) recorded from sites 'a' and 'b' (top and bottom row, respectively). Each color plot represents a series of one-minute (40-trial) peristimulus averages, arranged according to time after induction onset (top to bottom). Grayscale bars represent propofol brain concentrations, estimated using pharmacokinetic and pharmacodynamic data (see Methods).
K.V. Nourski et al. NeuroImage 152 (2017) 78-93 Relationship between effects of propofol and basic response properties of HG Changes in effects of propofol on cortical activity along HG were summarized by dividing HG into equal-width regions of interest. These divisions were based on the relative position of each site along the axis of the gyrus (posteromedial, middle and anterolateral), as described in Methods. Phase-locked activity was least attenuated by propofol in the posteromedial third of HG, exhibiting either increases or decreasing only at the highest propofol doses tested (Fig. 7A ). There was a progressive decrease in the presence of FFRs in the middle and anterolateral portions of the gyrus. When present, FFRs were highly susceptible to propofol as assessed by decay constants. Finally, sustained high gamma activity elicited by 50 Hz click trains was predominantly present on sites within the posterior third of HG and typically decreased during induction (Fig. 7B) .
During the period that subjects were implanted with intracranial electrodes for chronic monitoring, brain responses were recorded in response to a wide range of sounds presented in multiple experimental paradigms. Fundamental to all recordings in auditory cortex were a series of sound presentations designed to help define basic spectral and temporal response properties at different auditory cortical sites. These included experimental paradigms that examined the sensitivity and specificity of recording sites to pure tones of different frequencies.
Previous studies in non-human primates have shown FFRs are maximal within high best frequency regions of primary auditory cortex (Steinschneider et al., 1998; Fishman et al., 2000; O'Connell et al., 2015) , reflecting phase locking capabilities that emerge at the level of the auditory nerve (Cariani and Delgutte, 1996) . Several fMRI studies in humans have suggested that the most posteromedial portion of HG is most sensitive to high frequency tones (Formisano et al., 2003; Moerel et al., 2013; De Martino et al., 2015) . Thus, we examined whether the persistence of the FFR under anesthesia and presence of sustained high gamma ERBP during the baseline period in the posteromedial portion of HG were a function of pure tone sensitivity. High gamma ERBP was measured in response to six pure tone stimuli presented at moderate intensities ranging from 0.25 to 8 kHz in octave intervals (Fig. S1 ). Recording sites along HG, including its most ('a' and 'b') in subject L292. Each color plot represents a series of one-minute (40-trial) peristimulus averages, arranged according to time after induction onset (top to bottom). Grayscale bars represent estimated propofol brain concentrations. Exemplary AEP waveforms computed over the 1-min interval immediately preceding induction onset are replotted above the color plots. P/N18 and P/N32 denote the two early AEP peaks. B: Latency (red and blue symbols) and amplitude (black symbols) of early AEP components plotted as functions of propofol brain concentration. AEPs were recorded from sites in the most posteromedial aspect of the gyrus in four subjects (location denoted by stars in the MRI top-down views of the superior temporal plane; HG is denoted in each subject by a dashed line). Measurements made during the first 9 min of the experiment prior to induction are offset on the X axis.
K.V. Nourski et al. NeuroImage 152 (2017) 78-93 posteromedial portion, were broadly tuned but had maximal responses at 0.5-2 kHz. Relationship between best frequency (BF) and the magnitude of FFR or high gamma responses to click trains prior to propofol induction was examined in the sample of 50 HG sites that could be characterized by a BF (see Supplementary Methods and Fig. S1 ). BFs ranged from 0.25 to 8 kHz, with the majority of sites characterized by BFs of 0.5 or 1 kHz. The comparison between tonotopy and responses to click trains was carried out using linear regression analysis and ANOVA. Linear regression failed to reveal a significant relationship between BF and FFR (r 2 =0.0143; p=0.408) and between BF and high gamma (r 2 =0.0638 p=0.0767). Likewise, ANOVA failed to reveal a significant relationship between tonotopy and response to click trains (for BF Vs. FFR, F(5,44)=0.36, p=0.876; for BF Vs. high gamma, F(5,44)=0.97, p=0.449). Thus, contrary to our prediction, sites within posteromedial HG that displayed FFRs did not reliably exhibit a preference for high frequency tones. In addition to testing spectral sensitivity with pure tone stimuli, high gamma onset latencies were measured using brief 100 Hz click trains, as described previously (Nourski et al., 2014) . These stimuli elicit more robust high gamma responses compared to 50 Hz click trains, albeit at the expense of the FFR (Brugge et al., 2009; Nourski et al., 2013) . The most posteromedial aspect of HG exhibited the shortest high gamma onset latencies (Fig. S2) . The response latencies progressively increased along the gyrus towards its anterolateral aspect.
Discussion
Summary of findings
The present study utilized a novel protocol for an incrementally titrated infusion of propofol that allowed for a gradual increase in its brain concentration with the induction of anesthesia. Our main finding was the persistence of auditory responses to acoustic transients (500 ms 50 Hz click trains) in the posteromedial third of HG, with preservation of the earliest AEP deflections and an increase in FFRs, along with a parallel decrease in sustained and non phase-locked high gamma ERBP. In contrast, FFRs within the middle third of HG typically decreased over the course of induction, while sites in the anterolateral HG and on STG were either non-responsive, or were characterized by rapidly decaying FFRs.
Interpretation of AEP, FFR and high gamma results
Click train stimuli elicited AEP waveform complexes associated with both stimulus onset and offset (see Figs. 2 and 3) . The latter offresponses were particularly prominent in the posteromedial portion of HG. This finding conforms to previously described intracranial response patterns elicited by click trains (Brugge et al., 2009; Nourski and Brugge, 2011; Nourski et al., 2013) . Typically, off-responses become progressively more prominent as click trains increase in repetition rate, mirroring response profiles seen in field potentials and multiunit activity recorded in awake macaques (Steinschneider et al., 1998) . In the present study, AEPs elicited by the stimulus offset were attenuated or diminished over the course of induction, with a time course different from attenuation of AEPs elicited by the stimulus onset. Future work will have to be performed in order to more fully characterize mechanisms underlying the differential effects of anesthesia on responses elicited by stimulus onsets and offsets.
The earliest components of the AEP response to stimulus onset reflect synaptic activity derived from direct thalamocortical inputs generated by the lemniscal pathway and the earliest intracortical synaptic events (e.g. Steinschneider et al., 1992) . The present results are consistent with a model in which anesthetic concentrations of propofol have limited effect on feedforward thalamocortical sensory signals. What is disrupted, however, is the interlaminar processing of auditory signals within posteromedial HG and downstream activation of non-core auditory areas. This disruption of interlaminar processing occurs in a stepwise manner, with later AEP components being affected at lower brain propofol concentrations than earlier components (Fig. 4 ; cf. Howard et al., 2000) . Disruption of these later events by propofol reveals prolonged early synaptic events, which may be truncated by subsequent activity in the non-anesthetized state. This process is exemplified by changes in the AEP as shown in Fig. 4A (site 'a' ), where the duration and peak latency of the early P/N 32 increased as the following waveform deflection was suppressed. Similar results are seen at more intermediate locations on HG (e.g. Fig. 4A, site 'b' ). These findings represent a fundamental property of AEPs, wherein waveforms are derived from a complex summation of current sources and sinks weighted by their strength, synchrony, dipole orientation and distance from the recording site (Steinschneider et al., 1994; Eggermont and Ponton, 2002) . Thus, propofol (and perhaps other anesthetic agents) provide a method to isolate specific stages in both inter-regional and interlaminar cortical processing.
The FFR in the posterior third of HG increased in its relative magnitude over the course of propofol induction. In a manner similar to that seen with early AEP components, the FFR is likely dominated by synaptic events derived directly from thalamocortical inputs. Two mechanisms may contribute to this observed increase. First, thalamocortical synapses exhibit high release probability and short-term depression under awake conditions (Chung et al., 2002) . Propofol anesthesia may reduce neurotransmitter release probability and thereby introduce short term facilitation, leading to the increase in sustained FFR (Ratnakumari and Hemmings, 1997; Yang et al., 2015) . Our results parallel the findings of Sullivan et al. (2015) who described an increase in auditory steady state responses in the rat auditory cortex treated with MK-801, an NMDA receptor antagonist. Second, current findings suggest that phase locking in core auditory cortex may be K.V. Nourski et al. NeuroImage 152 (2017) 78-93 unmasked by the suppression of simultaneous non-phase locked synaptic events initiated from other cortical and subcortical regions that project to core cortex. Thus, we propose that propofol suppresses this top-down processing, unmasking the temporally precise FFR from MGv inputs to core auditory cortex. In contrast, more intermediate areas in HG showed a decrease in FFR magnitude with increasing concentration of propofol during anesthetic induction. Synaptic responses in this part of HG may be depressed to a greater degree, such that facilitation is not manifested and residual Ca 2+ in synaptic terminals can no longer produce larger responses throughout the duration of the train. Additionally, this decrease would not be expected if a major source of inputs were the same as that to the more posteromedial sites. There are several possible mechanisms that can account for this decrease. First, responses in intermediate areas may reflect phase-locked inputs from regions of thalamus that are more susceptible to propofol. Second, the sensitivity of cortical GABA-ergic circuits to propofol may be greater in intermediate areas compared to posteromedial areas, suppressing the FFR in the latter region directly. Third, the FFR in intermediate regions may arise in part due to feedforward cortico-cortical projections from the most posteromedial portion of HG. Propofol suppresses high gamma activity in the posteromedial portion of HG and thus would disrupt this feedforward cortico-cortical signal. Sustained high gamma activity, a surrogate for unit activity, either uniformly decreased with induction of propofol anesthesia, or was not present at the beginning of induction. Only one site out of 87, located in the most posteromedial portion of HG, exhibited an increase in high gamma ERBP magnitude with propofol level. The absence of sustained high gamma on the more anterolateral HG regions and on lateral STG at the beginning of induction should not be viewed as a sign that the 50 Hz click train stimulus did not activate these regions. In many cases, there has been sustained high gamma at the beginning of the experimental block, which habituated by the time propofol infusion was initiated (cf. Eliades et al., 2014) . Further, we used a conservative metric to establish the significance of high gamma responses by averaging power over the entire 500 ms peristimulus interval referenced to the pre-stimulus baseline. Transient increases in high gamma ERBP elicited by stimulus onset could be counterbalanced by the absence of power throughout the rest of the peristimulus interval when compared for statistical significance with pre-stimulus values.
The cortical areas within posteromedial HG, where high gamma responses were observed prior to and throughout the period of anesthesia induction, also demonstrated short-latency AEPs and FFRs that were resistant to propofol. Within this region of HG the FFRs increased in relative magnitude during induction. These effects are likely dependent on the presence of strong feedforward connectivity with the MGN that is diminished or absent at more lateral locations along HG. Thus, the posteromedial two thirds of HG were not uniform in their basic response properties and could be parcellated into at least two subdivisions.
Non-speech stimuli, such as click trains used in the present study, may not be particularly salient stimuli for these auditory areas, especially when presented in a passive listening paradigm (Nourski et al., 2014 . In future experiments, more diverse sets of complex stimuli will need to be used to better characterize and refine the boundaries of these regions.
Relationship with models of human auditory cortex organization
It is difficult to completely reconcile current observations with many existing models of human auditory cortex organization, which, in most general terms, describe posteromedial two thirds of HG as core auditory cortex. We posit several possible explanations for the current findings. First, the two functional subdivisions within posteromedial HG observed in the present study might be confined to primary auditory cortex. If this is the case, it might be expected that the most posteromedial portion of HG would be characterized by high best frequencies. It would explain why the FFR is most prominent in the most posteromedial portion of HG, as multiple studies have shown that phase locking to repetitive acoustic transients is most prominent in high-frequency portions of A1 (e.g. Steinschneider et al., 1998; Fishman et al., 2000) . A number of human fMRI studies suggest a tonotopic organization compatible with this interpretation (e.g. Formisano et al., 2003; Talavage et al., 2004) . However, we did not observe this relationship between tonotopy and phase locking in our relatively limited subject sample (see Fig. S1 ).
More recent work suggests a more refined organization wherein the high-low-high frequency best gradients within core auditory cortex follow a V-shaped configuration (reviewed in Baumann et al., 2013; Moerel et al., 2014; Saenz and Langers, 2015) . This configuration posits that a large portion of the crest of HG is characterized by preference for relatively low frequencies. Our spectral sensitivity results are in general agreement with this configuration, but are not concordant with enhancement of FFRs to repetitive acoustic transients in high best frequency regions, as described in the monkey (Steinschneider et al., 1998; Fishman et al., 2000) . It must be acknowledged that our assessment of spectral sensitivity was made with suprathreshold stimuli, where even regions of high best frequencies would be expected to be strongly responsive to lower frequencies (tail of the tuning curve; Kiang and Moxon, 1972; Sutter, 2000) . Further, our assessments were made using high gamma ERBP as measured from low-impedance cylindrical electrode contacts. Greater specificity has been shown with microelectrode recordings and those of single units from human auditory cortex (Howard et al., 1996; Bitterman et al., 2008; Jenison et al., 2015) .
Human primary auditory cortex is characterized by intraareal compartmentalization, which has been visualized as differences in cytochrome oxidase and acetylcholinesterase staining in post-mortem brains (Clarke and Rivier, 1998) . Such a compartmentalization could potentially contribute to differences in the sensitivity of click trainevoked responses to propofol. Further studies, likely involving wellcontrolled pharmacological manipulations in experimental animals, will be required to test the hypothesis that the observed electrophy- K.V. Nourski et al. NeuroImage 152 (2017) 78-93 siological findings represent intraareal differences within primary auditory cortex. Another possibility is that these two subdivisions within posteromedial HG represent an area boundary within core auditory cortex. A number of anatomical studies have argued for a similar result. While we find this a promising interpretation, aspects of these proposed boundaries do not strictly conform to the current observations. In their classic study, Galaburda and Sanides (1980) described a double koniocortical core region, comprised of medial and lateral areas (KAm and KAlt, respectively). However, KAm and KAlt are envisioned to run in parallel along the axis of HG, whereas our results suggest a functional boundary orthogonal to this axis.
Multiple other organizational schemes divide HG into three regions along its long axis based on cytoarchitectonic criteria (von Economo and Koskinas, 1925; Beck, 1928; von Economo and Horn, 1930; Morosan et al., 2001; reviewed in Hackett, 2007 reviewed in Hackett, , 2015 . These parcellation schemes are consistent with the distribution of FFR changes along HG reported in the present study (see Fig. 5 ). In the model proposed by Morosan et al. (2001) , the putative primary auditory cortex is subdivided into three areas, Te1.1, Te1.0 and Te1.2, running from posteromedial to anterolateral HG. While Morosan et al. (2001) interpreted area Te1.0 as the quintessential koniocortex, other studies have shown that the densest myelination, a typical feature of primary sensory cortex and its thalamocortical input in all three major modalities (auditory, visual and somatosensory), occurs in the most posteromedial portion of HG (Hackett et al., 1998 (Hackett et al., , 2001 De Martino et al., 2015) , more likely corresponding to area Te1.1 of Morosan et al. (2001) . This in turn would explain why the shortestlatency AEPs and the FFR would be resistant to propofol anesthesia, as they reflect this feedforward thalamocortical connectivity.
Complementary auditory cortex parcellation studies based on neurochemical criteria (e.g. Chiry et al., 2003; Sacco et al., 2009 ) may have direct bearing on the regional differences in responses to click train stimuli and their sensitivity to propofol anesthesia. In a study of Chiry et al. (2003) , immunohistochemical assessment of calcium-binding protein distribution along HG revealed more prominent staining for parvalbumin and calretinin in the middle third of HG compared to its most medial portion. This distribution is consistent with the cytoarchitectonic-based parcellation scheme of Morosan et al. (2001) (areas Te1.1 and Te1.0) as well as with the present electrophysiology findings. GABA A (ionotropic) and GABA B (metabotropic) receptor distributions along HG (Sacco et al., 2009 ) parallel cytoarchitectonic parcellations (von Economo and Koskinas, 1925; Morosan et al., 2001) as well as some of the current results. It is difficult to relate the patterns of GABA receptor distribution reported by Sacco et al. (2009) to our current findings, as the most medial portion of HG, i.e. von Economo's area TD, was not examined in that study. Overall, how the differences in neurochemical profiles across auditory cortical areas lead to an increase, a decrease or absence of phase-locking in the medial, middle and lateral third of HG, respectively, is unknown and will most likely require neurochemical manipulations in experimental animals to clarify the mechanisms at play.
Two additional parcellation schemes of human posteromedial HG are based on models of functional neuroanatomy developed in nonhuman primates (e.g. Rauschecker et al., 1995; Hackett et al., 1998; Kaas and Hackett, 2005) . The first scheme divides the posteromedial two thirds of HG into human homologs of monkey core areas A1 and R (Moerel et al., 2014; Brewer and Barton, 2016) . Both areas A1 and R receive principal thalamic input from the ventral division (MGv) of MGN (de la Mothe et al., 2006) and both are characterized by similar "koniocortical" cytoarchitecture (Hackett et al., 2001) . The principal differences are based on a functional reversal of tonotopy (Merzenich and Brugge, 1973; Morel et al., 1993) , an organization we may not have been able to adequately assess, and myelination, which is denser in A1 compared to R (Hackett et al., 1998) . High-resolution MRI mapping of superior temporal plane myeloarchitecture using T1/T2 contrasts (Wasserthal et al., 2014; De Martino et al., 2015) in the same cohort of subjects can be informative for testing the hypothesis that the differential sensitivity of posteromedial two thirds of HG to propofol reflects a boundary between the human homologs of areas A1 and R.
An alternative scheme is that the region within the posteromedial third of HG corresponds to the human homolog of caudomedial belt area CM. This suggestion is compatible with some neuroanatomical models of human auditory cortex, which envision the most posteromedial portion of HG to be a belt area (see Hackett et al., 2001; Hackett, 2007 , for reviews). Area CM is unusual among the eight auditory belt areas described in non-human primates in that it exhibits remarkably short onset response latencies, being as fast or even faster than A1 (Kajikawa et al., 2005; Camalier et al., 2012) . This is consistent with our observations (see Fig. S2 ). Area CM receives thalamic projections mainly from the anterodorsal division of MGN (e.g. de la Mothe et al., 2006; Bartlett and Wang, 2011) . Like MGv, anterodorsal MGN is a specific thalamic nucleus that appears to be part of the lemniscal auditory pathway . Functionally, area CM in the monkey is principally involved in sound localization as part of the dorsal stream of auditory cortical processing (Recanzone et al., 2000; Recanzone and Cohen, 2010) . Future studies could thus test the functional homology between area CM and the most posteromedial portion of HG in humans. As area CM is envisioned to be part of the posterodorsal auditory processing pathway (the "where" pathway), neurons there exhibit a greater sensitivity to stimulus location in space compared to neurons in A1 (Recanzone et al., 2000) . Thus, testing sensitivity of the posterior-most portion of HG to sound location using fMRI in the same subjects (or using ECoG in future intracranial studies) may help address the possibility of its potential identity as the human homolog of area CM.
Relevance for understanding the neural basis of sensory awareness
This study represents a first step in our using anesthetic agents as a research tool to understand how sensory activation of the cortical hierarchy reflects sensory awareness. Current findings are compatible with other studies investigating the effects of propofol anesthesia on cortical processing of external stimuli. Middle latency components of the scalp-recorded AEP and N 20 of the somatosensory evoked potential (SSEP) persist throughout induction of anesthesia with propofol (e.g. Huotari et al., 2004; Schwilden et al., 2005) . Earliest components of the middle latency AEP reflect initial stages of primary auditory cortical activation by MGv (e.g. Müller-Preuss and Mitzdorf, 1984; Steinschneider et al., 1992) and are concordant with the earliest AEP deflections measured in the posteromedial HG (e.g. P/N 18 and P/N 30 ). Preservation of the scalp-recorded components is thus consistent with the preservation of P/N 18 and P/N 30 in the present study. The N 20 component of the SSEP, the earliest activation of primary somatosensory cortex within Brodmann area 3b , is also preserved under propofol anesthesia (Huotari et al., 2004; Schwilden et al., 2005) , as are the earliest components of the visual evoked potential (Schroeder et al., 1991) .
Early evoked components are also preserved during normal physiologic loss of consciousness as seen in non-rapid eye movement sleep, and in pathologic loss of consciousness as seen in minimally responsive and the chronic vegetative state (Portas et al., 2000; Dang-Vu et al., 2011; Faugeras et al., 2012; Strauss et al., 2015) . Thus, as a general rule, initial cortical processing within primary sensory areas is relatively resistant to the effects of loss of consciousness. In contrast, later activity dominated by activation in higher-order sensory areas is more sensitive to general anesthetics and to loss of consciousness under physiologic and pathologic states (Bekinschtein et al., 2009; Mashour, 2014; Raz et al., 2014; Strauss et al., 2015) . Suppression of higher order sensory areas was exemplified by the attenuation of the AEP and FFR in all areas outside the most posteromedial portion of HG and its immediate surrounds. Future experiments capitalizing upon regional differences in the sensitivity to anesthesia as well as examining regional differences in responses to more complex stimuli such as speech may provide further insights into the link between sensory processing and sensory awareness (Bastuji et al., 2002; Friston, 2005) and have significant ramifications for rehabilitation programs in patients in minimally responsive or chronic vegetative states.
